Mechanical vibrations introduced in diffusion flame burners significantly affect the flame characteristics. In this experimental study, the effects of axial vibrations on the characteristics of laminar diffusion flames are investigated systematically. The effect of the frequency and amplitude of the vibrations on the flame height oscillations and flame stability is brought out. The amplitude of flame height oscillations is found to increase with increase in both frequency and amplitude of burner vibrations. Vibrations are shown to enhance stability of diffusion flames. Although flame lifts-off sooner with vibrations, stability of the flame increases.
INTRODUCTION
Diffusion flames are observed in several applications and are safer in many aspects. In a few applications such as in burners used in moving air/ground vehicles, the diffusion flame burner system is subjected to mechanical vibrations. The basic characteristics of the diffusion flames are affected depending upon the amplitude and frequency of these vibrations. Oscillating diffusion flames have been widely studied by several researchers. These studies investigate the characteristics of naturally flickering diffusion flames, as well as diffusion flames under forced acoustic oscillations. It is evident from the literature that flame oscillations are mainly achieved by acoustic excitations. To the knowledge of the authors, the effect of mechanical vibrations on burners is absent in the literature. This forms the motivation for this work. Some relevant studies on jet and flame oscillations using acoustic excitations are presented in the following paragraphs.
The effect of acoustic excitations on the cold-flow jet characteristics was studied by Zaman et al. [1] . Hotwire anemometry was used to measure and conclude that the near-nozzle velocity field is significantly affected by the controlled acoustic excitations. The effect of jet exit flow pattern on mixing process was described by Nathan et al. [2] and the possible approaches to enhance large scale oscillations in nonreacting jets were discussed. The reductions in the peak temperature and in NOx emissions reduction were observed when burner exit flow was excited. Albers et al. [3] used quantitative rainbow schlieren deflectometry to characterize the flickering of hydrogen-air flame and its effect on the flow-field. Hamins et al. [4] studied the pulsation frequency of diffusion flames of both gaseous and liquid fuels. They reported the effect of exit velocity and the burner diameter on the pulsation frequency of nonpremixed flames. Grant et al. [5] showed that the low frequency oscillations, which are characteristic of small scale flames, dominate even in the turbulent flame regime at higher flow rates.
Aguerre et al. [6] studied counter-flow diffusion flames with sinusoidal velocity variations at the burner exit, both experimentally and numerically. It was reported that the flame becomes insensitive to the vibrations at high frequencies. Mohammad et al. [7] performed experiments as well as numerical simulations of acoustically excited laminar diffusion flames. They observed that the oscillations induced in laminar jet flames assist to bridge the gap between laminar and turbulent combustion processes. They focused on the acoustic oscillations having a frequency of 20 Hz. The responses of the flame in terms of the oscillations in flame shape, structure and heat release, to the acoustic oscillations were found to be different in increasing and decreasing exit velocity portions of a cycle. They also showed that there is a phase change between the input oscillations and the corresponding response in the flame oscillations. In a similar work, Dworkin et al. [8] studied acoustically forced, time varying, laminar methane-air co-flow diffusion flames. They used Rayleigh scattering and Raman scattering methods and presented the variations in isotherms and species profiles for input oscillations at 20 Hz. Several researchers [9] [10] [11] [12] [13] have studied acoustically excited flames and the effect on soot and emission dynamics.
Excited flames in the turbulent regime and in lifted diffusion flame regimes have also been studied by researchers. Chao et al. [14] conducted experiments on the characteristics of the turbulent lifted flames with acoustic excitations. They showed the importance of the large scale coherent vortical structures on the stability of the lifted flames in the hysteresis region. Hot wire anemometry data was provided to support their observations on entrainment rates. Takahashi et al. [15, 16] and Pitts [17, 18] provided the understanding of lifting mechanism and the importance of flow conditions in lifting of turbulent flames. Peters [19] , Guttenfelder et al. [20] and Mansour et al. [21] reported the relationship between mixing enhancement and preheat zone thickness by their observations on mixing length scales and corresponding thickening and thinning of the preheat region. Weinberg [22] presented the relationship between the intensity of shadowgraph and the flame structure.
Markstein [23] qualitatively studied the effect of flow disturbances on the premixed flame characteristics. The effects of both acoustic and structural disturbances on flame shapes were studied. A vibrating wire was kept in flame area and the changes in the flame front shapes were studied in detail using spark shadowgraph and schlieren images. Peterson and Emmons [24] systematically studied the stability of laminar premixed flames stabilized on a wire. The importance of Markstein curvature parameter on the stability of flames was emphasized. The velocity fluctuations observed in laminar flames were termed flame induced turbulence.
As evident in the literature review above, there is scarcely any reference of studies on mechanical excitations of flames. With this motivation, experiments have been designed to impart harmonic mechanical oscillations to laminar diffusion flame burners. Overall flow features such as jet entrainment, flame structure and evolution are expected to be modified as a result of mechanical excitations to the burner. The details of the experimental setup and procedure are detailed below.
EXPERIMENTAL SETUP AND PROCEDURE

Experimental setup
The schematic of the experimental setup is shown in Fig. 1(a) . A tubular brass burner [ Fig. 1(b) ] of 4 mm internal diameter with 1 mm wall thickness is fitted to a settling chamber. The burner is mounted over a small vibration exciter (B&K 4808). The desired sinusoidal signals are generated using a signal generator (Tektronix AFG 320) and passed through a power amplifier (B&K 2719) and then sent to the exciter. The displacement amplitude of the burner-mount vibrations, as a function of input voltage amplitude, is calibrated using an IEPE accelerometer (B&K; Model 4513-001) of sensitivity 100 mV/g. Methane is supplied to the burner through a stainless steel precalibrated mass flow controller (Aalborg; Model GFC17-07). The accuracy of mass flow rate measured is within ±1.5% and repeatability is ± 0.5%.
A shadowgraph arrangement is set up to visualize the flame as static images and high speed videos. A projector lamp is used as light source, with a translucent paper as a cover to diffuse the light for required intensity. The light beam is then passed through a slit to produce a point source. A biconvex lens is used as collimator. The collimated light beam is captured by a high speed camera from a suitable position, after the light ray passes through the flame region.
Hotwire anemometry is performed to investigate the cold flow entrainment spectra near the burner exit. A two dimensional, constant temperature hotwire anemometer (DANTEC Mini CTA 54T30) is used with miniature type probe (wire diameter 5 µm).
Experimental procedure
In order to excite the flames, low frequency vibrations in the range of 10 Hz-30 Hz, with amplitudes ranging from 0.25 mm -1 mm are imparted to the burner. The amplitude of vibration is limited to 1 mm, which is the maximum possible for the 30 Hz frequency case, due to the power restriction of the exciter and the total weight of the burner and mounting. Typical burner oscillation spectra are shown in Fig. 2 for various frequencies with constant amplitude of 1 mm. These spectra are derived from the signals obtained from the accelerometer mounted on the burner base. This shows that the oscillations in acceleration follow the input frequency predominantly. Required methane flow rate is set on the mass flow controller and the fuel is ignited near the burner exit. The exciter is switched on and the required frequency and amplitude of vibration are set. After the burner is set to steady vibrations, direct flame videos using high speed camera are recorded. The frame rate is set as 300 fps. Images are extracted from the high-speed video. The acquired images are processed using image processing software -ImageJ [25] , for conversion to grayscale, edge detection, etc. The edge detected text images are used to estimate the maximum vertical location of the edge, which corresponds to the flame height (L f ). These calculations are performed using MATLAB software. The images are acquired for 2 s (600 frames) and are processed for each case to encompass a minimum of 20 cycles. The time interval between the frames is 3.33 ms. The mean flame height (L mean ) is also calculated by time averaging the instantaneous flame heights.
RESULTS AND DISCUSSION
Fluctuations in air entrainment
Hotwire anemometry is performed near the burner exit at the burner exit plane (z = 0) at a radial location of r = 2.25D from the axis of the burner [see Fig. 1(c) ]. Single point measurements are made following the work of Valk [26] . These entrainment velocity measurements are performed only in cold air jet flows in order to avoid placing the hotwire in the vicinity of flames. In these measurements, the Reynolds number is held the same as that of the actual methane jet. The following word of caution is in order: The discussions on entrainment velocity fluctuations are qualitative since the temperature will be high in actual situation where the flame is established. Moreover, the transport properties of the product species will be different than that of the unburnt jet considered here. The data is acquired at the rate of 10 kHz, and the FFT analysis is done using MATLAB. Figure 3 shows the spectra of the entrainment velocity signals for jets evolving from burner vibrated with 1 mm amplitude and various frequencies. The static (non-vibrating) case is also shown in Fig. 3 (a). Similar spectra are obtained for other amplitudes also, and it is observed in all the cases that the input vibration frequency dominates the velocity spectra. This confirms the fact that frequency of entrainment velocity oscillations closely follows that of the input vibration in the burner. However, in the cases of frequencies of 20 Hz and 30 Hz, smaller secondary peaks at frequencies higher than the input vibration frequency are also observed. Acceleration spectra for exciter vibrations for 1 mm amplitude.
Flame oscillations
Methane is supplied to the burner with a constant mass flow rate of 1.39 × 10 -6 kg/s. After a steady flame is established, the burner is excited with vibrations of various amplitudes and frequencies. For each case, including the non-vibrating case, high speed videos of direct flames and shadowgraph images are acquired at 300 fps using the highspeed camera, as mentioned before. Figure 4 show the instantaneous grayscale photographs extracted from the high speed video at regular time intervals of around 10 ms for burner vibration frequency of 10 Hz and amplitude 1 mm. These correspond to one cycle of burner vibration. An instantaneous photograph of flame from static burner is also shown in Fig. 4 (a). Figure 7 (a) shows the corresponding instantaneous shadowgraph images for the same case. For this case, the characteristic fuel residence time given by the ratio of mean flame height (as observed in the static case) to the mean jet exit velocity is around 0.12 s. When the burner moves up, the entrainment velocity decreases (as the burner movement and the principal component of entrainment velocity are in same direction), and as a result, As the burner continues to move downward, the flame becomes shorter due to further increase in the entrainment rate of the ambient air as shown in Fig. 4(a) The width of the flame slightly increases as more amount of fuel is burnt in a relatively shorter length due to increased entrainment. When the burner reaches the bottom most point, the corresponding flame becomes the shortest and the cycle continues. However, when the frequency is increased to 20 Hz, a contrasting trend is observed. For the 20 Hz case, the characteristic fuel residence time remains the same, i.e., 0.12 s. However, the vibration time scale is now 0.05 s, which is much smaller than the fuel residence time. Therefore, for this case, there is a phase mismatch between the flame height response and the burner vibration. This is clearly shown in Fig. 5 , where the instantaneous grayscale photographs at time intervals of 6.66 ms are shown for a vibration frequency of 20 Hz and amplitude of 1 mm. The flame height is the shortest when the burner location is at its maximum height from the mean position (Fig. 5,  26 .64 ms) and is the longest when the burner is at its bottom-most point (Fig. 5, 0 ms) .
The same trend is observed in the case of higher vibration frequency of 30 Hz due to further reduction in the vibration time scale to 0.0333 s, while the fuel residence time scale remaining constant at 0.12 s. Figure 6 shows the instantaneous grayscale The phase lag is found to be 216 degrees (180 + 36). This phase lag is found to increase with increase in frequency. Figure 9 (b) shows the phase difference as a function of frequency. As the frequency is increased from 10 Hz to 15 Hz a sudden change in phase difference is observed (from 42 to 163 degress). Further increase in frequency also increases the phase difference significantly. The amplitude of vibration is found to have less effect on the phase difference.
When the burner starts moving upward from its lowest position, the burner rim velocity shifts its direction. As a result, the entrainment velocity relative to the burner exit increases as it is now almost out of phase with the burner vibrations (quite opposite to the 10 Hz case). This increase in entrainment, however, does not immediately reduce the flame height, and there is a small time lag. This feature can be reasoned as follows. Even though the entrainment velocity is increased near the burner exit, still the fuel molecules in the fuel rich zones near the axis of the burner have to travel longer to reach the stoichiometric amount of air, as the change in entrainment has not been convected up to the flame height yet, when the burner has just started moving up. Therefore, the flame height does not decrease immediately. However, the flame radius is found to decrease when the burner just starts moving up. This phenomenon is explained as follows: There is a small partially premixed flame front formed in the periphery near to the burner exit, due to mixing of fuel with fresh air entraining at those locations. This portion of the flame is not visible in high-speed photographs due to its inadequate luminosity. This partially premixed zone is fuel-rich. Also, the inner core comprises mainly the fuel. When the burner starts moving upward, more air entrains in to the fuel jet base, and the fuel-rich partially premixed zone becomes leaner. Due to this the laminar burning velocity (S L ) increases, and more amount of fuel is consumed in this small partially premixed zone. This results in reduced amount of fuel being transported to the non-premixed zone along the periphery of the jet flame. A similar trend is reported in Mohammad et al. [7] .
Shadowgraph visualization
In order to visualize the dynamics of the diffusion flame structure, shadowgraph visualization of the flames is performed. In the shadowgraph images, the black region shows the burner shadow (Fig. 7) . The maximum intensity (white) lines show the preheat regions in the air (outer white lines) and fuel sides (inner white cone). It is known that when the mixing is enhanced, the preheat line moves away from the flame surface because of the enhanced transport of heat towards the unburnt fuel and air side [19, 20] . Fig. 7(a) shows the shadowgraph images for frequency 10 Hz and amplitude 1 mm. The location of preheat line with respect to the burner exit is almost identical in all the frames. The shadowgraph images for frequency 30 Hz and amplitude 1 mm is shown in Fig. 7(b) . As the burner moves upward, the maximum intensity line moves downward relative to the edge of the burner exit, as shown in Fig. 7 (b) (0-13.32 ms). This shows that the preheat zone moves downward and this is due to enhanced mixing [19, 20] . During this time period, reduction in flame height is observed in Fig. 6(a) . As the burner moves downward, the maximum intensity line moves upward relative to the edge of the burner exit, as shown in Fig. 7 (b) (16.65-29.97 ms). During this time period, increasing trend in flame height is observed in Fig. 6(a) . However, even though the movement of preheat line away from the burner exit is gradual as the burner moves upward [ Fig. 7(b) (0-13.32 ms) ], the movement towards the burner exit is an almost sudden when the burner just starts moving downward [ Fig. 7(b 
Flame height analysis
As mentioned in section 2, the flame heights are derived from the grayscale images. The flame heights represent the distance between the upper-most visible flame and the burner edge. Figure 8 shows the temporal variations of flame heights at different vibration amplitudes at the frequency of 30 Hz. It is clear from Fig. 8 that at a given frequency, as the amplitude of vibration is increased the amplitude of flame height oscillations increases. For a better understanding of the flame response, a quantity termed as amplitude gain factor (G) is defined. 'G' is defined as the ratio of the amplitude of flame height (A f ) to the amplitude of input vibration (A 0 ). The flame response curve showing the variation of G with frequency of vibration is presented in Fig. 9 (a) . It is clear that G monotonically increases with frequency, emphasizing the fact that frequency is a key parameter for flame height control. This trend is supported by the results reported in Albers et al. [3] . It should be noted that flame height analysis is only the first step towards understanding the flame dynamics. Advanced non-linear analysis, as in Ghosh et al. [27] could reveal other interesting facets of flame dynamics and their non-linear behaviour. Albers et al. [3] reported the mean temperature profiles of modulated flames to be similar to that of the steady diffusion flame. However, the high frequency and high amplitude cases have higher mean flame heights when compared to static case and low frequency and low amplitude cases. This is due to fact that even though the flame 88 height does change continuously with respect to time in these cases, the increasing and decreasing trends are not similar. For instance, the flame height is almost constant in first three frames as shown in Fig. 6 (a) (0-9.99 ms), it decreases as shown in Fig. 6(a) (9.99-16 .65 ms), and gradually increases as shown in Fig. 6(a)  (16.65-29 .97). The flame has an above-average height for longer time when either the vibration frequency or its amplitude is higher. In Mohammad et al. [7] , the reported CH radical concentration contours show a behavior similar to the above trend. Figure 11 shows the spectra of flame height oscillations (measured with respect to instantaneous burner exit location) for two frequencies. At a lower frequency of 10 Hz, when the amplitude is less, the flame height oscillations take place predominantly with the input frequency. However as the amplitude is increased to 1 mm, very small peaks at harmonic frequencies are found. This is clearly shown in Fig. 11(a) . Fig. 11(b) shows the frequency response of flame height oscillations for 30 Hz case. While the response shows predominantly the input frequency, the harmonics also found to exist significantly in high amplitude cases. Figure 12 shows the spectra of intensity oscillations along axial (a, b) and radial (c, d) directions for two different frequencies and a constant amplitude of 1 mm. The axial spectra show that the oscillations in intensity are severe just above the flame height obtained in the static case (18.6 mm). But in 10 Hz case the oscillations are felt significantly in locations below this height. Harmonics are present in both the cases. Radial variation of intensity is also plotted at an axial location z = 23 mm, where maximum amplitude of intensity variation is reported along the axis . Fig 12(c) and Fig 12(d) show that the intensity oscillations are significant up to 1.5R from the axis of the burner, and the amplitude of oscillations are almost constant up to 1R.
Effect of low frequency burner vibrations on the characteristics of jet diffusion flames
Effect of flow rate
Diffusion flame height at steady conditions and in laminar regime depends only on the flow rate of the fuel. In order to examine the effect of variation in fuel flow rates for vibrating cases, two more fuel flow rates (1.95 × 10 -6 kg/s and 2.50 × 10 -6 kg/s) are considered in addition to 1.39 × 10 -6 kg/s. Figure 13 shows the instantaneous photographs of flames for a higher fuel flow rate of 1.95 × 10 -6 kg/s. The trend is same as that in Fig. 6(a) , however, with more clear view of instantaneous changes in both axial and radial extents. In the flame height decreasing phase, upward movement of an entrainment vortex is shown by the response of flame shape. As the vortex moves upwards, the flame height suddenly reduces to its minimum and then gradually increases its mean height and towards the maximum value. These photographs are similar to the isotherms reported in Mohammad et al. [7] .
The response of the taller flames to the burner vibration is more than that of the shorter flames. This is due to the decrease in the ratio of the length of local premixed region near the burner exit to the total length of the flame as the flames grow taller. A flame which is controlled predominantly by diffusion process is vulnerable to change in the entrainment.
Stability characteristics of turbulent diffusion flames
Several industrial burners operate in turbulent regimes. As the fuel flow rate is increased, the diffusion flame becomes turbulent and continued increase of fuel flow rate will result in the flame being lifted-off from the burner rim. According to Takahashi et al. [15, 16] , the critical limits of stability are dependent predominantly on the geometry of the burner such as the burner rim thickness and flow configuration, although these limits are also affected by the type of fuel to some extent. In this section, flame lift-off characteristics in a vibrating burner are presented.
In the same experimental setup, methane is supplied at higher flow rates. After establishing a steady laminar diffusion flame, the flow rate of the fuel is increased gradually. At some fuel flow rate, the flame lifts-off from the burner rim. This flow rate corresponds to critical flow rate denoting initial flame lift-off; the corresponding velocity is termed as initial lift-off velocity (V LO ). As the process of lift-off is highly rapid, this experiment is repeated at least 5 to 6 times to ensure that the value of the initial lift-off velocity is consistent and repeatable. At this point, a high definition video is taken for a period of 4 s without changing the flow rate. This is to capture the initial lift-off height (h LO ).
Then the fuel flow rate is gradually reduced. As the flow rate reduces the lifted flame base slowly approaches the burner exit. At some flow rate, the flame attaches to the burner rim. This process also happens abruptly. The corresponding flow rate of methane in noted down as reattachment flow rate from which the reattachment velocity (V RA ) is calculated. These are repeated several times and the flow rate values are found to be within ±3%. The same procedure is repeated for various values of frequencies and amplitudes of burner vibrations.
Hotwire anemometry is performed near the burner exit at the burner exit plane (z = 0) at a radial location of r = 2.25D from the axis of the burner. The spectra are similar to those in Fig. 3 , and hence not shown. However, for these higher flow rates, only one dominant peak is found (at the input vibration frequency), as opposed to a secondary peaks (at harmonic frequencies) observed for low flow rate cases shown in Fig. 3  (c & d) . Figure 14 shows the effect of burner vibration on the initial lift-off and reattachment velocities. For the static case, initial lift-off occurs around a fuel exit velocity of 17.3 m/s [ Fig. 14(a) ]. At low vibration amplitudes, as the frequency of burner vibration is increased, the initial lift-off occurs at lower fuel exit velocities. As the amplitude of vibration is increased, the difference between the initial lift-off velocities for various frequencies becomes lesser, finally converging to a value of 16.3 m/s at 1 mm amplitude. Takahashi et al. [16] reported that the lift-off velocity decreases when co-flow is introduced. This observation provides the rationale for the present observations. That is, under vibrating conditions, the entrainment is augmented during one half of the cycle. Since flame lift-off has a strong temporal dependence, the moment when entrainment is augmented, local quenching occurs, leading to instantaneous flame lift-off.
The effect of vibration on reattachment velocity is shown in Fig. 14(b) . Reattachment velocity increases with increase in amplitude or frequency of burner vibration. This is due to the same reasons as discussed for lift-off velocity variations. While lift-off velocity reduction is due to the peak positive amplitude of entrainment velocity oscillations, the reattachment velocity increase is due to the peak negative side amplitude of entrainment velocity oscillations in any cycle of vibration. It is clear that the lift-off velocity decreases and reattachment velocity increases with increase in amplitude or frequency of burner vibration. This means that the hysteresis length reduces with increase in frequency or amplitude of burner vibrations.
As the flame lifts-off, it becomes unsteady and oscillates about a mean position above the burner rim. The mean lift-off height is calculated by averaging the instantaneous liftoff heights from the high speed video images. Figure 15 shows the variation of mean lift-off height for various amplitudes and frequencies of burner vibrations. The initial lift-off height for the static case is around 16.4 mm. For low vibration amplitudes, as the frequency is increased, the mean lift-off height significantly decreases. For a stable lifted flame, the lift-off height increases with increase in fuel jet exit velocity according to Pitts [18] . Thus, although the initial lift-off velocity is lower for vibrating cases, the lift-off heights are smaller than the static case. As a result, the burner operation range can be enhanced (postponing blow-off) using vibration as the active control tool. At the highest frequency considered, the lift-off height is seen to be the minimum at the highest amplitude of 1 mm. Further, when the fuel flow rate is increased so that the exit velocity is around 31.5 m/s, much higher than the initial lift-off velocity, the lift-off heights in mm for static and vibrating cases with an amplitude of 1 mm and frequencies 10 Hz, 20 Hz and 30 Hz, are found to be 135.6, 112.7, 112.6 and 108.1, respectively. This shows that the vibrations imparted to the burner increases its operating range. Therefore, it can be concluded that the primary effect of the burner vibrations is to increase the stability of a turbulent jet diffusion flame. vibration, also increases. As vibration is introduced in the burner, the velocity of the fuel jet at which the flame lifts-off, called the initial lift-off velocity, decreases. The lift-off velocity decreases with an increase in frequency or amplitude of the burner vibration, however, it is seen to be more influenced by the amplitude of vibration. At the highest amplitude of 1 mm considered in this study, the lift-off velocity reaches almost constant value irrespective of the frequencies. The initial flame lift-off height decreases with an increase in the frequency or amplitude of the burner vibration. The maximum percentage decrease in the lift-off height between the static and vibrating cases is much higher when compared to the maximum decrease in the lift-off velocity. Therefore, it is expected that the blow out may be postponed due to the vibrations introduced in the burner. Therefore, it can be concluded that the vibrations render a stabilizing effect on jet diffusion flames, and thus hold promise as an active control mechanism. The relationship between entrainment in an actual flame and its dynamics, linear limits and non-linear flame dynamics offer scope for further work on this interesting and challenging topic of vibrated flames.
CONCLUSIONS
